The vaporization of condensed materials in contact with high-current discharge plasmas is considered. A kinetic numerical method named direct simulation Monte Carlo ͑DSMC͒ and analytical kinetic approaches based on the bimodal distribution function approximation are employed. The solution of the kinetic layer problem depends upon the velocity at the outer boundary of the kinetic layer which varies from very small, corresponding to the high-density plasma near the evaporated surface, up to the sound speed, corresponding to evaporation into vacuum. The heavy particles density and temperature at the kinetic and hydrodynamic layer interface were obtained by the analytical method while DSMC calculation makes it possible to obtain the evolution of the particle distribution function within the kinetic layer and the layer thickness.
I. INTRODUCTION
The vaporization of a heated surface interacting with discharge plasmas has a great interest for different applications such as ablation controlled arcs, 1 pulsed plasma thrusters, 2, 3 high-pressure discharges, 4 vacuum arcs, 5 electroguns, 6 and metal evaporation by laser radiation action. 7 In most models, the rate of evaporation is calculated using the Langmuir relationship 8 that is, however, limited to the case of vaporization into vacuum.
Anisimov 9 considered a case of vaporization of a metal exposed to laser radiation using a bimodal velocity distribution function in the nonequilibrium ͑kinetic͒ layer. The main result of this work is the calculation of the maximal flux of returned atoms to the surface, which was found to be about 18% of the flux of vaporized atoms. This result was obtained under the assumption that the atom flow velocity is equal to the sound velocity at the external boundary of the kinetic layer. In many physical situations, however, the expansion of the vapor is not by the sound speed since there is a dense plasma in the volume discharge. Beilis 10, 11 analyzed metal vaporization into discharge plasmas in the case of a vacuum arc cathode spot. He concluded that the parameters at the outer boundary of the kinetic layer are close to their equilibrium values and that the velocity at the outer boundary of the kinetic layer is much smaller than the sound velocity. In both the analyses mentioned above, no information is provided about the change of the particle velocity distribution function from a nonequilibrium state to an equilibrium state inside the kinetic layer.
In the present article we study the nonequilibrium layer close to the evaporating surface using the particle method known as direct simulation Monte Carlo ͑DSMC͒. 12 It will determine the thickness of the nonequilibrium layer and the evolution of the particle distribution function within the layer. The numerical simulation results will be compared with the analytical results for the case when the vapor velocity at the outer boundary of the kinetic layer is given as a parameter.
II. MODEL OF THE NONEQUILIBRIUM LAYER
In this section we will present two different kinetic models ͑particle simulation and analytical approach͒ for the nonequilibrium layer near the evaporating surface.
A. Particle simulation
In the nonequilibrium layer near the surface there are collisions between particles that eventually lead to a change of the distribution function. The DSMC method uses particle motion and collisions to perform a simulation of gas dynamics under nonequilibrium conditions. Each particle has spatial and velocity coordinates. The collision approach between particles is based on a probability model developed from the kinetic theory and commonly used in DSMC. 12 To perform the DSMC simulation we have to specify conditions at two boundaries ͑see Fig. 1͒ . At the evaporating surface with density n 0 and temperature T 0 , the velocity distribution function for emitted particles is in the equilibrium form 9, 10 
At the outer boundary of the kinetic layer the distribution function for particles is assumed to be
where V 1 is the velocity, n 1 is the density, and T 1 is the temperature. These boundary conditions are supplemented by using an empirical relation between T 0 and n 0 . As an example, we have used the equilibrium vapor pressure for the case of Teflon in the form
where P 0 is the equilibrium pressure, P c ϭ1.84ϫ10 20 N/m 2 and T c ϭ20 815 K are the characteristic pressure and temperature obtained empirically. The physical meaning of the characteristic pressure and temperature is that the equilibrium pressure equals P c when vapor reaches the temperature of T c . The calculations are performed assuming that vapor consists of CF 2 molecules at a surface temperature in the range 550-650 K that is typical for an electrothermal pulsed plasma thruster. 3 The DSMC model employed in the present article has the following strategy. Uniform cells 0.5 in size are employed, and time step ⌬tϭ0.3/V m,s ͑Ref. 13͒ where and V m,s ϭ(2kT 0 /m) 0.5 are the molecular mean free path and the most probable thermal speed at the ablated surface. Molecules enter the flow field successively from the surface due to evaporation, and from the outer boundary due to Maxwellian velocity distribution that allows particle velocities in the negative direction. Using the assumption about the distribution function at the surface and at the external boundary Eqs. ͑1͒ and ͑2͒ we can calculate the flux of molecules entering from the surface, G s , and from the outer boundary of the layer, G b , as follows:
where ␣ϭV 1 /(2kT 1 /m) 0.5 . The molecular interaction is described by the variable hard-sphere ͑VHS͒ model. 12 The VHS model is employed to select molecular collision pairs from cells and to distribute the postcollision velocities. This model assumes that the scattering from molecular collision is isotropic in the center of mass frame of reference. 12 Both boundaries ͑wall and outer boundary of the kinetic layer͒ are assumed to be perfectly absorbing. The flow will arrive at a steady state when the sum of G s and G b is exactly balanced by the flux of molecules leaving from the outer boundary or sticking on the surface:
where G r is the flux of the particles returned to the surface during the time step and G f is the flux of the particles crossing the outer boundary of the layer.
In the DSMC approach, in order to calculate the evolution of the distribution function inside the kinetic layer, we have to specify the thickness of the layer in units of . The parameters at the outer boundary of the kinetic layer ͑n 1 and T 1 ͒ and the flux of returned particles are calculated as a function of the distance of the location of the outer boundary of the layer and of the velocity at this boundary V 1 .
B. Analytical approach
Let us consider the analytical approach developed in Refs. 9-11, where the vapor parameters T 1 and n 1 at the outer boundary can be obtained without information about the layer thickness. This means that the problem is reduced to integration of the conservation equations of mass, momentum, and energy across the layer. 9 We consider a nonequilibrium layer ͑thickness of about a mean free path ͒ adjacent to the surface ͑as shown in Fig. 1͒ , where the velocity distribution function of the evaporated molecules reached equilibrium by the rare-field collisions with the background heavy particles and furthermore the vapor flow is described by a hydrodynamic approach. Using Anisimov's assumption 9 that the velocity distribution function for the returned particles (V x Ͻ0) is ␤ f 1 (V), where ␤ is the proportionality coefficient, the relation of the heavy particle parameters at the outer boundary of the kinetic layer in the case of an arbitrary velocity is obtained from the model 10 and reads as follows:
͖͔,
where d 0 ϭm/2kT 0 , d 1 ϭm/2kT 1 , erfc(␣)ϭ1Ϫerf(␣), and erf(␣) is the error function. The equation system ͑7͒ is obtained using the boundary conditions ͑1͒-͑3͒ and the conservation laws of mass, momentum, and energy across the layer. 9, 10 By calculating the parameters at the outer boundary of the kinetic layer we can obtain the flux of returned particles: 
The system of equations ͑7͒ has four unknowns and therefore the solution can be found having one unknown as a parameter, which is the velocity V 1 at the outer boundary of the kinetic layer in our case.
III. RESULTS
DSMC calculations and a comparison with the analytical predictions for the flux of returned atoms is shown in Fig. 2 where the thickness of the kinetic layer is used as a parameter. One can see that in the case of small velocity (␣ р0.5) at the outer boundary all results agree well. This is the case when the thickness of the nonequilibrium layer is about one mean free path. In the case when evaporation occurs at about the sound velocity at the outer boundary, the DSMC calculations approach the analytical value at a layer thickness of ϳ10-20 mean free paths.
The calculation of the backflux dependence with distance inside the layer when ␣ϭ1 is presented in Fig. 3 . It can be seen that in the case when V 1 is about the sound velocity, the flux of the returned molecules depends upon the distance from the evaporating surface where the external boundary is placed. Thus up to a layer thickness of about 20 mean free paths, the flux changed strongly and then it is weakly saturated. The DSMC calculation predicts a 16% flux of returned particles, which is very close to the analytical result of 18%. The reason for this difference can be understood by analyzing the velocity distribution function of returned particles in the DSMC calculation.
Results of the DSMC calculation of the velocity distribution function and comparison with the analytic approximation ␤ f 1 (V) are shown in Fig. 4͑a͒ for the case of sound velocity at the outer boundary. One can see that the distribution functions remain different in the case of a 100 kinetic layer thickness. This is not the case when the velocity at the outer boundary of the kinetic layer is small as shown in Fig.  4͑b͒ , where the DSMC distribution function agrees well with the analytic approximation. Therefore it is not surprising that the calculated flux of returned particles is also found to be in good agreement with the analytical result. It should be noted . that the discontinuity in the analytical distribution function ͓Fig. 4͑b͔͒ is the result of the definition of the distribution function of the returned particles ͑Sec. II B͒. The evolution of the particle distribution function within the Knudsen layer is shown in Fig. 5 for the case V 1 ϭ(5kT 1 /3m) 0.5 . One can see that the velocity distribution function approaches a drifted Maxwellian at a distance of several mean free paths from the surface. The drift velocity slightly increases with further distance from the evaporating surface.
The results of calculation of the analytic system of equations ͑7͒ are presented in Fig. 6 with the normalized velocity V 1 as a parameter. The temperature T 1 , density n 1 , and the flux of returned particles J Ϫ all decrease as the velocity at the outer boundary of the kinetic layer increases. In the limiting case of the sound velocity, the flux of returned particles is equal to 18% as was obtained by Anisimov. 9 In this case the analytically predicted flux of returned particles is larger than that obtained by numerical simulations ͑16%, see Fig.  3͒ . It should be pointed out that the dependence of the flux of returned particles J Ϫ on the velocity V 1 has a minimum near the sound speed ͑see Fig. 6͒ . The minimum corresponds to the sound speed with adiabatic index 1.3. This fact as well as the overestimate of the returned particle flux is connected with the assumption in the analytical approach of the form of the particle velocity distribution for the particles returned to the evaporating surface, i.e., that the distribution function of the returned particles is proportional to the distribution function at the outer boundary of the kinetic layer.
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IV. SUMMARY
Two kinetic approaches, namely the particle method ͑DSMC͒ and bimodal distribution function approach were employed to describe the parameters in the nonequilibrium kinetic layer near the evaporating surface. DSMC calculation makes it possible to establish the thickness of the kinetic layer and the evolution of the particle distribution function within the layer. The thickness of the kinetic layer and the vapor density and temperature in the kinetic layer adjacent to the evaporating surface depend upon the velocity at the outer boundary of the layer. We have found that the thickness of the kinetic layer increases from a few mean free paths in the case of small velocity up to about 10-20 in the case of the evaporation with sound speed at the outer boundary of the layer. Comparison of the DSMC and analytical results indicates that the analytical model predicts correctly the flux of returned particles over a wide range of velocity at the outer boundary of the layer. The present model can be used for calculation of the rate of evaporation of the heated surface interacting with a plasma. The free parameter of this model, the velocity at the outer boundary of the layer, can be determined by coupling this model with a model of the hydrodynamic layer and the plasma bulk. 
